The RV144 HIV-1 vaccine trial demonstrated partial efficacy of 31% against HIV-1 infection. Studies into possible correlates of protection found that antibodies specific to the V1 and V2 (V1/V2) region of envelope correlated inversely with infection risk and that viruses isolated from trial participants contained genetic signatures of vaccine-induced pressure in the V1/V2 region. We explored the hypothesis that the genetic signatures in V1 and V2 could be partly attributed to selection by vaccine-primed T cells. We performed a T-cellbased sieve analysis of breakthrough viruses in the RV144 trial and found evidence of predicted HLA binding escape that was greater in vaccine versus placebo recipients. The predicted escape depended on class I HLA A*02-and A*11-restricted epitopes in the MN strain rgp120 vaccine immunogen. Though we hypothesized that this was indicative of postacquisition selection pressure, we also found that vaccine efficacy (VE) was greater in A*02-positive (A*02 ؉ ) participants than in A*02 ؊ participants (VE ‫؍‬ 54% versus 3%, P ‫؍‬ 0.05). Vaccine efficacy against viruses with a lysine residue at site 169, important to antibody binding and implicated in vaccine-induced immune pressure, was also greater in A*02 ؉ participants (VE ‫؍‬ 74% versus 15%, P ‫؍‬ 0.02). Additionally, a reanalysis of vaccine-induced immune responses that focused on those that were shown to correlate with infection risk suggested that the humoral responses may have differed in A*02 ؉ participants. These exploratory and hypothesis-generating analyses indicate there may be an association between a class I HLA allele and vaccine efficacy, highlighting the importance of considering HLA alleles and host immune genetics in HIV vaccine trials.
vaccines, including the Step trial, in which prior immunity to adenovirus decreased innate and HIV-specific cellular immune responses to the adenovirus vectored vaccine (10) (11) (12) , and the VaxGen Vax004 trial, in which race was associated with vaccineinduced neutralizing antibody responses (13) , have elicited heterogeneous immune responses. Most recently, the RV144 trial of a canarypox vector prime (ALVAC-HIV) and bivalent rgp120 boost (AIDSVAX B/E) vaccine regimen was the first trial to show partial efficacy in reducing the risk of HIV-1 infections (14) and several studies have followed these results, attempting to understand the mechanisms of partial and potentially heterogeneous protection (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) 84) . Specifically, Haynes et al. (15) designed a study intended to identify the immune correlates of risk (CoR) of infection, by comparing the rates of HIV-1 infection over time among vaccinated subgroups defined by their levels of vaccine-induced immune responses. The study identified two V2-specific immune response variables that significantly inversely correlated with the risk of infection: (i) levels of IgG binding to a gp70-scaffolded V1 and V2 (V1/V2) antigen and (ii) levels of IgG binding to a linear V2 peptide "hot spot." These findings, together with more recent studies of V2-specific antibodies isolated from trial participants (18, 21, 22) , suggest that vaccine-induced immune responses to the V1/V2 region of envelope may have had antiviral functions and predicted the efficacy observed in the trial.
Informed by these findings, which implied that the vaccine exerted immune pressure on the V1/V2 region, Rolland et al. (17) conducted a V1/V2-focused sieve analysis of the envelope sequences of viruses that infected RV144 participants. The sieve analysis-a statistical comparison of the viruses isolated from HIV-infected trial participants in the vaccine group versus the placebo group-showed genetic differences relative to the vaccine sequences at sites 169 and 181 in the V2 loop (HXB2 numbering). This was consistent with the hypothesis that vaccine-induced antibodies targeting the V1/V2 region selectively blocked specific genetic variants from infection. However, as with any sieve analysis, the immune mechanism applying pressure could not be discerned from the viral sequences alone; nor could it eliminate the possibility that the sieve effect was induced by postacquisition pressure that was present prior to viral sequencing (25, 26) . Given the growing evidence that CD8 ϩ and CD4 ϩ T-cell-induced viral escape can happen in the acute phase of infection (27) (28) (29) (30) (31) , additional, not necessarily mutually exclusive hypotheses could be that cytolytic T cells selectively targeted HIV-1 prior to the establishment of infection or that, after infection, they induced viral escape mutations in vaccine epitopes prior to viral sequencing. These hypotheses are analogous to those proposed in the analysis of the Step HIV vaccine trial (25) , in which sieve effects were attributed mainly to selective pressure from T cells. Though the CD8 ϩ T-cell response rate was low overall in the RV144 trial, the envelopespecific CD4
ϩ T-cell response rate was 63% (14, 19, 32) and there are preliminary data suggesting that the RV144 vaccine regimen may have induced envelope-specific responses in CD8 ϩ T cells of the mucosa (Schuetz et al., unpublished) .
Therefore, we conducted a CD4 ϩ and CD8 ϩ T-cell-based sieve analysis focused on the V1/V2 region of the envelope protein (HXB2 positions 143 to 185), hypothesizing that the sieve effects identified in this region could be partially attributed to selective pressure from cytotoxic T cells. Specifically, we tested for a sieve effect associated with "HLA binding escape," as predicted using computational HLA-peptide binding algorithms (33) (34) (35) . We defined "binding escape" as any variation in HIV peptide sequences from infected participants, relative to predicted vaccine epitopes, that substantially reduced the HLA binding affinity. Our analysis identified A*02-and A*11-restricted CD8 ϩ T-cell epitopes that were found only in the subtype B (MN) component of the protein boost, in which the number of predicted viral HLA binding escapes was greater in vaccine compared to placebo recipients. Although we hypothesized that such an effect was indicative of postacquisition selection pressure, we also found that vaccine efficacy (VE) was significantly increased in participants carrying the class I HLA allele A*02. While associations of HLA genotype with vaccine-induced immune responses have been previously noted (36) (37) (38) (39) (40) , this is the first report of a potential association with vaccine efficacy. We also found evidence suggesting that the HLA A*02 allele may have modulated two vaccine-induced antibody responses and their associations with infection risk in the trial. Taken together, the results of this exploratory statistical analysis generate the hypothesis that HLA A*02 may have played a role in the partial efficacy that was observed in RV144. Importantly, they suggest that additional studies of T-cell responses to the subtype B protein component of the RV144 vaccine should be conducted in both blood and mucosal samples.
MATERIALS AND METHODS
Ethics statement. The RV144 protocol was approved by the Institutional Review Boards of the Ministry of Public Health, the Royal Thai Army, Mahidol University, and the U.S. Army Medical Research and Materiel Command (ClinicalTrials.gov no. NCT00223080) (14) . Written informed consent was obtained from all participants.
Study design and vaccine sequences. Details about the cohort of volunteers enrolled in the RV144 HIV-1 vaccine trial and the subsequent study of case-control immune correlates are presented by Rerks-Ngarm and Pitisuttithum (14) and Haynes et al. (15) in the respective primary articles. Briefly, the vaccine regimen consisted of four injections (at 0, 1, 3, and 6 months) of the canarypox vector ALVAC-HIV (vCP1521), which expresses gp120 of CRF01_AE (92TH023), and two injections (at 3 and 6 months) of AIDSVAX B/E, which is composed of two gp120 proteins truncated at the amino terminus (start at amino acid 42): MN (subtype B) and CM244 (CRF01_AE). Following the same approach to screening amino acid sites taken by Rolland et al. (17) , we conducted a focused analysis of the alignable portions of the V1/V2 region from amino acid residue 143 to residue 185 (HXB2 numbering).
HIV-1 sequencing. Viral genomes from infected RV144 participants were reported previously (17, 25) . Briefly, from each participant we obtained 2 to 14 (median, 10) near-full-length-genome sequences from plasma specimens collected at the time of HIV-1 diagnosis, typically between 1 and 6 months after infection. Intrasubject sequence diversity was low, with an average of 1.08 Ϯ 0.02 unique amino acid residues per person at each site within the V1/V2 region. At any given site, at least 80% of participants had a single amino acid residue in all of their breakthrough sequences. Therefore, we limited our analysis to one representative sequence per individual, using the sequence with the smallest Hamming distance to the subject's consensus sequence. The data set analyzed here contained sequences from 109 infected participants (all CRF01_AE strains), after excluding participants who were infected with non-CRF01 AE viruses and 1 participant who was found to have been infected by another RV144 trial participant.
T-cell-based sieve analysis. A sieve effect can be understood as a statistical difference between the genetic sequences of viruses that infected vaccine recipients and the genetic sequences of viruses that infected placebo recipients in a treatment-randomized, double-blind placebo-controlled vaccine trial (41) . Here we describe a "Binding Escape Count" sieve method, a T-cell-based sieve analysis method that estimates the number of predicted HLA binding escapes in the amino acid sequences of viruses that infected trial participants. Escapes were identified by comparing the vaccine immunogen sequences to the sequences of viruses isolated from trial participants. For this comparison, we used all three vaccine immunogen sequences independently, 92TH023 in ALVAC-HIV (vCP1521) and CM244 and MN in the bivalent AIDSVAX B/E rgp120 boost, where 92TH023 and CM244 are CRF01_AE and MN is subtype B. Analysis was restricted to the V1/V2 region of envelope protein (HXB2 positions 143 to 185).
To count binding escapes in the viral sequence from a single participant, we first predicted likely vaccine-induced T-cell epitopes using a computational predictor of either class I HLA binding to 9-mer peptides (ADT [adaptive double threading]) (33, 42) or class II HLA binding to 15-mer peptides (NetMHCIIpan) (35) . Using the vaccine sequence and the participant's HLA-A, -B, and -DRB alleles, we identified as putative epitopes any peptides that were predicted to bind to one of their HLA alleles with a level of affinity (i.e., half-maximal inhibitory concentration [IC 50 ]) lower than a specific "binder" threshold. We then considered the sequence of the corresponding peptide in the aligned sequence of the virus isolated from the participant. If changes in the amino acids within an epitope weakened the binding affinity beyond the "escape" threshold, it was then counted as an escape. The number of binding escapes was summed for each participant, and the resulting sums were compared between the vaccine and placebo groups using a t-statistic. Within some predicted epitopes, a viral isolate may differ from the vaccine immunogen at several residues whereas another isolate may differ at only a single residue; however, the determination of which isolate is counted as an escape is based on the change in the predicted HLA binding affinity which considers all residues within the epitope. For this reason, the use of the term "escape" may differ from its typical usage to refer to single point mutations that result in abrogation of a T-cell epitope.
The Binding Escape Count T-cell-based sieve method has two adjustable parameters: (i) a binder threshold and (ii) an escape threshold. Typically, peptide-HLA interactions are classified according to two binding thresholds as either "strong" (Ͻ50 nM) or "weak" (50 to 500 nM) binders (34) . However, since binding affinity is a dynamic process and is only one of several factors that determine the set of T-cell responses in a given individual, we considered binding thresholds that spanned a biologically relevant range (50 to 1,100 nM). Each binding threshold determines the set of epitopes that are used for comparing the vaccine sequence to the participants' viral sequences, with lower IC 50 s corresponding to stronger binding affinities and fewer predicted epitopes. Similarly, we considered a range of thresholds in defining HLA binding escape (IC 50 ϭ 500 to 8,000 nM). Each escape threshold defines nonbinding peptides. We tested for a sieve effect over the entire range of parameters and used an absolute maximum t-statistic test to calculate an overall P value. Conceptually, rather than testing if there was a sieve effect using each pair of binder and escape thresholds, the test asks if there is any pair of thresholds that yields a significant sieve effect. To calculate the P value for this test, we permuted participant treatment labels and, with each permuted data set, we computed the absolute maximum t-statistic over the range of all pairs of binding and escape thresholds. By repeating this procedure 20,000 times, we obtained a distribution of t-statistics under the null hypothesis that the vaccine had no effect. The overall P value was defined as the fraction of permuted data sets in which the absolute maximum t-statistic was greater (corresponding to a stronger sieve effect) than the one observed in the actual (unpermuted) data set. The results of this sieve method, including predicted epitopes and binding escapes, are presented using the optimal binder and escape thresholds that led to the maximum t-statistic, but the reported P value is always the overall P value that accounts for multiple testing over the spectrum of thresholds.
The "site-specific" sieve methods employed in Rolland et al. (17) differ from the Binding Escape Count method. The site-specific sieve methods analyze the distribution of residues at individual amino acid sites one at a time and count all mutations relative to the vaccine residues. In contrast, the Binding Escape Count T-cell-based sieve method tests whether the observed genetic differences can be attributed to vaccine-induced T-cell immune responses by assessing short peptides. This method is sensitive only to mutations in predicted T-cell epitopes that alter HLA binding affinity. Moreover, each vaccine epitope is considered only within the subset of participants who carry the restricting HLA allele. Due to these differences, it is possible that a T-cell-driven sieve effect that is missed by a site-specific method could be identified by the Binding Escape Count method. It is also possible that sieve effects mediated by other immune responses could be detected by a site-specific method and yet not be found to be attributable to T-cell selection by this method. Importantly, a sieve effect may be the result of multiple mechanisms of selection, and neither this method nor the site-specific sieve analysis method can rule out any single mechanism of immune pressure.
HLA genotyping of volunteers. High-resolution typing of class I HLA-A, -B, and -C loci was performed on samples obtained from all the infected cases in the trial and the uninfected control participants selected for the study of the case-control immune correlates (15) . Typing was performed using both DNA sequence-based typing (SBT) and the sequence-specific oligonucleotide probe (SSOP) method, with fully concordant results. SBT was carried out by PCR amplification and sequencing of exons 2 and 3, with ambiguous types being resolved to four digits (43) using the dbMHC SBT interpretation interface (http://www.ncbi.nlm.nih .gov/projects/gv/mhc/). The SSOP method was performed using a LABType SSO Class I HD system (One Lambda, Canoga Park, CA), which is based on Luminex xMAP technology, and results were interpreted using the accompanying HLA Fusion 2.0.0 software. HLA types are reported according to the IMGT/HLA nomenclature (version 3.7.0; http://www .ebi.ac.uk/imgt/hla/ambig.html). The HLA haplotype analysis was completed using the HLA I and HLA II genotypes of uninfected RV144 volunteers and the PyPop software package (44) . The T-cell-based sieve analysis uses the four-digit HLA types; however, subsequent associations with VE and immune measurements were studied using two-digit HLA types to increase statistical power.
Vaccine efficacy and immune correlates of risk of HIV infection. Overall vaccine efficacy and viral genotype-specific vaccine efficacy were estimated in HLA A*02-positive and A*02-negative (A*02 ϩ/Ϫ ) subgroups using the "case-only" method (45) , which uses data only from the infected subjects. The case-only method is valid only if the trial is randomized and has a rare study outcome, and the RV144 trial meets both criteria. The method is optimally powerful (adding host genetic information from uninfected vaccine recipients would not increase statistical power) and costeffective because only data from infected cases are needed. Immune correlates of risk were assessed in HLA ϩ and HLA Ϫ vaccinated subgroups using the same method as that used in the original study of RV144 immune correlates (15)-logistic regression with subject weighting to account for the two-phase sampling case-control design. To test if each response variable was differentially correlated with infection risk in the A*02 ϩ versus A*02 Ϫ vaccinated subgroups, an A*02 interaction variable was included in the regression model. Immune measurements in the IgAConsensusA and IgA-C1 biotin assays were treated as positive or negative responses, and because of small numbers of vaccine recipients in some HLA ϫ immune response ϫ infection status strata, we used Zelen's exact test of homogeneity of odds ratios (OD) (46) to determine whether the response variable was differentially correlated with infection risk in A*02 ϩ versus A*02 Ϫ vaccine recipients. This test gives a P value for the null hypothesis that the odds ratios of infection risk for a positive immune response versus a negative immune response are identical in the A*02
Experimental validation of the A*02-KMQKEYALL epitope. The A*02-KMQKEYALL epitope was validated using peripheral blood mononuclear cell (PBMC) samples from subjects in a long-term nonprogressor HIV-1-infected cohort (47) . The subjects were recruited and enrolled at the U.S. NIH-sponsored HIV Vaccine Trials units. The appropriate Institutional Review Boards approved the studies, and volunteers provided written consent. Details of the experiments are included in the supplemental material. Briefly, we measured functional T-cell responses in cryopreserved peripheral blood mononuclear cells (PBMCs) using a gamma interferon enzyme-linked immunosorbent spot (ELISpot) assay. We used 15-mer and 9-mer peptides from the V1/V2 region of envelope, including variants from the vaccine and breakthrough strains (see Table SA2 and Table SA3 in the supplemental material).
MHC purification and peptide-binding assays. Purification of MHC molecules by affinity chromatography has been detailed elsewhere (48) . Briefly, Epstein-Barr virus (EBV)-transformed homozygous cell lines or single MHC allele-transfected 721.221 or C1R lines are utilized as sources of HLA class I MHC molecules. HLA molecules are purified from cell pellet lysates by repeated passage over protein A Sepharose beads conjugated with the W6/32 (anti-HLA-A, -B, and -C) antibody. In some cases, HLA-A molecules may be separated from HLA-B and -C molecules by prepassage over a B1.23.2 (anti-HLA-B, -C, and some -A) column. Protein purity and concentration and the effectiveness of depletion steps are monitored by SDS-PAGE and bicinchoninic acid (BCA) assay.
Assays to quantitatively assess peptide binding to class I MHC molecules are based on the inhibition of binding of a high-affinity radiolabeled peptide to purified MHC molecules and are performed essentially as detailed elsewhere (48) (49) (50) . Briefly, 0.1 to 1 nM radiolabeled peptide is coincubated at room temperature with 1 M to 1 nM purified MHC in the presence of a cocktail of protease inhibitors and 1 M ␤2-microglobulin. Following a 2-day incubation, MHC-bound radioactivity is determined by capturing MHC/peptide complexes on W6/32 (anti-class I) antibodycoated Lumitrac 600 plates (Greiner Bio-one, Frickenhausen, Germany) and measuring bound cpm using a TopCount (Packard Instrument Co., Meriden, CT) microscintillation counter. In the case of competitive assays, the concentration of peptide yielding 50% inhibition of the binding of the radiolabeled peptide is calculated. (51, 52) . Each competitor peptide is tested at six different concentrations covering a 100,000-fold dose range and in three or more independent experiments. As a positive control, the unlabeled version of the radiolabeled probe is also tested in each experiment.
RESULTS
T-cell-based sieve analysis finds more HLA binding escapes in viruses isolated from vaccine recipients than in viruses isolated from placebo recipients. To address the hypothesis that the sieve effects previously identified in the V1/V2 region of envelope (17) could be attributed to vaccine-induced selective pressure from cytolytic T cells (27) (28) (29) (30) (31) , we performed a CD4 ϩ and CD8 ϩ T-cellbased sieve analysis of the V1/V2 region (HXB2 143 to 185) of viruses that were isolated from infected trial participants. This statistical method compares the sequences of the vaccine immunogens to those of the isolated viruses and identifies amino acid differences in predicted vaccine epitopes that abrogate HLA binding. In some cases, a viral isolate may differ from the vaccine immunogen at several residues within an epitope and the determination of whether these differences constitute a "binding escape" depends on the effect of these differences on the predicted HLA binding affinity, relative to that of the vaccine immunogen. A sieve effect was detected if the distributions of these viral "binding escapes" indicated significantly greater numbers in viruses isolated from vaccine than in viruses isolated from placebo recipients. In this analysis, we considered the sequences of each of the three vaccine immunogens independently, including the ALVAC-HIV (vCP1521) 92TH023 CRF01_AE sequence and the AIDS-VAX B/E protein boost with CM244 CRF01_AE and MN subtype B sequences (see Materials and Methods for details).
Of the three vaccine immunogens that were tested, only epitopes in the MN protein boost showed evidence of viral binding escape that was greater in vaccine recipients than in placebo recipients (P value ϭ 0.018). Though the sieve analysis was a test for a vaccine treatment effect summing the whole V1/V2 region, once the effect was detected, the epitopes and HLA alleles driving the effect were examined. Based on the HLA alleles that were present in infected RV144 participants, there were 12 predicted CD8 ϩ T-cell epitopes in the MN sequence V1/V2 region ( Fig. 1A ; see also Table SA1 in the supplemental material). These epitopes, all characterized by HLA-peptide binding affinities below 80 nM, were evenly distributed among the treatment groups (Fig. 1B) , with 91% of vaccine recipients and 83% of placebo recipients having at least one predicted epitope (P ϭ 0.37). Only three of these epitopes, restricted by alleles expressed by 72% of vaccine and 65% of placebo recipients, were associated with viral HLA binding escape (Fig. 1C) : A*11-GTIKGGEMK (HXB2 147 to 155), A*11-TSIGDKMQK (163 to 171), and A*02-KMQKEYALL (168 to 176). The number of HLA binding escapes detected in the corresponding viral 9-mers was significantly higher in vaccine recipients ( Fig. 1D ) (average escapes per participant of 0.72 in the vaccine group versus 0.29 in the placebo group; P value ϭ 0.018). This evidence of a T-cell-based sieve effect is specific to epitopes that were predicted in the sequence of the MN strain rgp120 immunogen. Due to differences in the sequences (Fig. 1A) of the 92TH023 strain immunogen and the CM244 strain immunogen compared to the MN strain immunogen, some peptides are predicted epitopes in only the MN immunogen. These differences account for the lack of evidence for a sieve effect for the CRF01_AE immunogens (92TH023 P value ϭ 0.28; CM244 P value ϭ 0.25). Though 89% of the infections in the trial were CRF01_AE, it is possible that an MN-derived epitope may have applied cross-reactive pressure on the viruses (see Discussion for details).We performed an identical analysis using the class II HLA alleles of participants to test for binding escape in predicted CD4 ϩ T-cell epitopes. Though vaccine peptides in V1/V2 were predicted to bind many class II alleles carried by RV144 participants (see Fig.  SA1 in the supplemental material), we did not detect a difference in the numbers of predicted binding escapes in vaccine recipients versus placebo recipients.
HLA A*02 allele modifies overall vaccine efficacy. We hypothesized that if the predicted HLA binding escapes in the V1/V2 region were indicative of vaccine-induced anamnestic responses, then vaccine efficacy (VE) should not have been different in the subgroups of participants with and without each of the HLA alleles implicated in the sieve analysis. To test this hypothesis, we first estimated VE in A*11 ϩ and A*11 Ϫ participants and found no difference ("Case-only" method [45] testing A*11 and VE interaction, P ϭ 0.45) ( Fig. 2A and Table 1 ). For this reason, we did not further consider the effects of A*11 in this study. We then estimated VE in the A*02 ϩ/Ϫ subgroups and found that estimated VE in participants with A*02 was 54% (P ϭ 0.006 for nonzero VE; 95% confidence interval [CI], 21% to 73%), which was higher than the estimated overall VE (31%) and significantly higher than that in participants without the A*02 allele (3%; P ϭ 0.90 for nonzero VE) (A*02 ϩ/Ϫ interaction P ϭ 0.050) ( Fig. 2A and Table  1 ). These estimates of VE were based on the 125 infections in the modified intent-to-treat (mITT) cohort, whereas the sieve analysis was based on a subset of 109 CRF01_AE infections. We recomputed VE in A*02 ϩ/Ϫ subgroups within this subset of infections, thereby estimating the VE against CRF01_AE viruses. The results were similar to the overall results: VE for the A*02 ϩ participants was 60% (CI, 26% to 78%, P ϭ 0.004), which was significantly greater than that for the A*02 Ϫ participants, for whom VE was 3% (CI, Ϫ62% to 43%, P ϭ 0.90) (A*02 ϩ/Ϫ interaction P ϭ 0.034). Together, these findings establish A*02 as a borderline-significant effect modifier of VE and suggest that the A*02 allele and the predicted A*02 vaccine epitope in V2 may be related to protective vaccine-induced immune responses.
HLA A*02 modifies genotype-specific vaccine efficacy at site 169 in the V2 loop. Previously, Rolland et al. (17) reported a sieve effect in the sequences of viruses that were isolated from infected RV144 participants. Specifically, sieve effects were identified at two positions, 169 and 181 (HX2B numbering), in the V2 loop of 150 160 170 180
Predicted epitope map (HXB2 locaƟon) envelope. The effect at site 169 was evidenced by a relative enrichment of the amino acid lysine (K) in viruses that infected placebo recipients compared to those that infected vaccine recipients. The 92TH023 and CM244 vaccine sequences also contain K at site 169, while the MN sequence has methionine (M). Though the majority of infections were type CRF01_AE and none of the viral isolates had M at site 169 and since we observed a T-cell-based sieve effect that depended on the A*02 epitope KMQKEYALL (168 to 176), in which position 169 was an anchor residue, we hypothesized that the K169 sieve effect was related to the A*02 epitope and would be stronger in the A*02 ϩ subgroup. To test this, we computed genotype-specific VE against viruses matching K169 in the A*02 ϩ/Ϫ subgroups. While the overall VE against viruses matching K169 was 48% (17), we found that VE against K169 viruses in the A*02 ϩ participants was 74% (P ϭ 0.001 for nonzero VE; 95% CI, 44% to 88%) ( Fig. 2A and Table 2 ) and was significantly higher than in A*02 Ϫ participants, estimated at 15% (P ϭ 0.56 for nonzero VE; 95% CI, Ϫ49% to 52%) (A*02 ϩ/Ϫ interaction P ϭ 0.01). These estimates of genotype-specific VE fundamentally depend on a difference in the numbers of viruses matching K169 in vaccine recipients versus placebo recipients (70% versus 86%, respectively; Fig.  2B ). While this difference was evident in the A*02 ϩ subgroup, with 53% versus 84% matching the K169 genotype, the vaccine and placebo recipients in the A*02 Ϫ subgroup were more similar (79% versus 90%). This finding suggested that the immune responses in the A*02 ϩ vaccine recipients-compared to all other study participants-preferentially blocked infection by or selected against viruses matching the 92TH023 and CM244 vaccine sequences at position 169.
Since Rolland et al. (17) also reported a sieve effect at position 181, we repeated the above analysis on the basis of the virus genotypes at position 181. For the entire cohort, VE against viruses not matching the ALVAC vaccine at position 181 (X181) was 78% (P ϭ 0.0028 for nonzero VE; Fig. 2C ) whereas the VE against matched viruses (I181) was 17% (P ϭ 0.38 for nonzero VE) ( Table  3 ). Our analyses showed that whereas VE against X181 viruses in A*02 ϩ participants was 90% (P ϭ 0.028 for nonzero VE; 95% CI, 22% to 99%), it was not significantly different from VE against the same X181 viruses in A*02 Ϫ participants (63%; P ϭ 0.15 for nonzero VE) (A*02 ϩ/Ϫ interaction P ϭ 0.29). Therefore, there was no Table SA2 in the supplemental material). We then assayed PBMC from 18 HIV-1-infected individuals from a long-term nonprogressor cohort who were A*02 ϩ (see the supplemental material for details). Using ELISpot and intracellular cytokine staining (ICS) assays, we identified one A*0201 ϩ individual (A*02G1, A*03G1, B*08, B*15, Cw*04, Cw*07) that had a CD8 ϩ T-cell response to the KMQKEYALL peptide (magnitude of 118 spotforming cells [SFC] per million). Taken together, these data show that the KMQKEYALL peptide binds to HLA A*02 alleles and can elicit functional CD8 ϩ responses in an HIV-infected individual. HLA A*02 modifies immune correlates of risk of HIV infection. The statistical association between the HLA A*02 allele and overall and K169-genotype-specific VE led us to question whether A*02 could also have a role in modifying the associations of vaccine-induced immune responses with the risk of infection. Therefore, we assessed A*02 as an effect modifier of the immune correlates of infection risk that were previously identified (15) . Due to the small number of infected vaccine recipients who carry A*02 (19 individuals) and the large number of possible immune measurements to study, we preserved statistical power by restricting analyses to six immune measurements that were identified as correlates of risk in the previous analyses: The V2 hot spot immune variable, an average of the magnitude of antibody responses to overlapping V2 peptides from 6 HIV-1 subtypes in a peptide microarray, was previously found to correlate inversely with the risk of infection in vaccine recipients; we found no evidence that the presence of A*02 modified this effect. Following this, we performed a focused analysis that considered only responses to the two subtype B peptides that contained a variant of the predicted A*02-KMQKEYALL epitope. We found that responses to one peptide, TSIRDKVQKEYALFY (positions 163 to 182 [HXB2 numbering]), were directly correlated with the risk of infection in vaccine recipients lacking A*02 (OR of infection per standard deviation [SD] ϭ 1.92; 95% CI, 1.07 to 3.45; P ϭ 0.030) but were not correlated with that in vaccine recipients who expressed the A*02 allele (OR of infection per SD ϭ 0.84; 95% CI, 0.42 to 1.70; P ϭ 0.63) (A*02 ϩ/Ϫ interaction P value ϭ 0.060) (Fig.  3A and Table 4 ). This analysis considered the peptide microarray measurement as a continuous quantitative variable. The finding was also reproduced in an analysis that categorized responses into high, medium, and low tertiles of vaccine recipient responses, similar to the categorical analysis by Haynes et al. (15) . Medium responses compared to low responses were not significantly associated with the risk of infection in either of the A*02 ϩ/Ϫ subgroups (Table 4) . However, high levels compared to low levels of antibodies were associated with increased risk of infection in the A*02 Ϫ subgroup (OR for high versus low response ϭ 6.04; 95% CI, 1.80 to 20.3; P ϭ 0.0036) but not in the A*02 ϩ subgroup (OR for high versus low response ϭ 0.66; 95% CI, 0.15 to 2.96; P ϭ 0.59) ( Table  4) . A P value for the test of the hypothesis that these categorized responses were significantly different in the A*02 ϩ/Ϫ vaccine re- cipients was not computed due to the low number of responders in each category. We also found that a borderline-significant direct correlation between IgA-C1 binding and infection risk is evident only for the A*02 Ϫ subjects (A*02 ϩ/Ϫ interaction P value ϭ 0.13), with OR ϭ 6.01 (P ϭ 0.0005; 95% CI, 2.19 to 16.5) for A*02 Ϫ subjects and OR ϭ 1.26 (P ϭ 0.75; 95% CI, 0.31 to 5.15) for A*02 ϩ subjects (Fig. 3B and Table 4 ). These results suggest that the increased infection risk for vaccine recipients with positive IgA-C1 binding levels may have been present only in vaccine recipients who lacked the A*02 allele (53) . In tests of the other four immune measurements that were previously identified as correlates of risk, we found no statistical evidence that either the correlations with the risk of infection or the immune responses were different in the A*02 ϩ and A*02 Ϫ vaccine recipient subgroups. HLA A*02 modifies the vaccine-induced V2-specific immune response. Whereas an assessment of A*02 as a possible modifier of immune CoRs involves comparing infected and uninfected vaccine recipients, it is also important to assess A*02 as a possible modifier of vaccine-induced immune responses, regardless of their impact on infection risk. To address this, we tested whether the immune responses in each of the assays tested above were significantly different in A*02 ϩ versus A*02 Ϫ uninfected vaccine recipients. We found that, in the peptide microarray, the antibody response to the subtype B peptide TSIRDKVQKEYALFY (positions 163 to 182 [HXB2 numbering]) was significantly greater in A*02 ϩ (median ϭ Ϫ0.039 normalized intensity) than in A*02 Ϫ (median ϭ Ϫ0.107 normalized intensity) uninfected vaccine recipients (P ϭ 0.010, Wilcoxon rank sum test), indicating that the presence of A*02 may have modulated the vaccine-induced immune response, albeit the magnitude of the effect is small. There were no other significant differences found between the A*02
VE (%)
ϩ/Ϫ subgroups in the five additional assays that were tested (see the supplemental material).
DISCUSSION
We performed a novel sieve analysis of viruses isolated from infected RV144 participants focused on the V1/V2 region of envelope to assess whether the sieve effects observed in this region could be partially attributed to HLA binding escape under the selective pressure of vaccine-primed T cells. We found that the amino acid residues of the viruses differed from those of the MN strain rgp120 vaccine immunogen in a way that substantially decreased the predicted HLA binding affinity of three predicted CD8 ϩ T-cell vaccine epitopes. These differences were significantly more common in viruses isolated from vaccine recipients than in viruses isolated from placebo recipients, providing evidence of a T-cell-based sieve effect. This effect implicated two HLA class I alleles, one of which was found to be associated with greater vaccine efficacy in the trial.
Previously, the effects of HLA-and, more generally, host genetics-on the efficacy of vaccines had not been well studied, in part due to the cost of HLA typing and to the difficulty in identifying associations within the highly diverse set of HLA haplotypes (estimated at Ͼ10 13 unique alleles [4] ). Despite these challenges, studies of influenza (36) , measles/mumps/rubella (MMR) (38, 39) , and hepatitis B (37) vaccination have identified indirect links between both class I and class II host-HLA alleles and putatively protective antibody responses to vaccination. While the mechanisms of these associations are not well understood, they may reflect a combination of known (54) and/or unknown links between class I and class II HLA alleles and humoral immunity.
Our analysis found evidence of T-cell-mediated escape in the V1/V2 region of the HIV envelope. However, CD8
ϩ T-cell response rates of RV144 vaccine recipients were low overall; de- pending on the sample time point and the assay that was used, 12% to 63% of vaccine recipients had a T-cell response to Env peptides and 25% had a response to V2 peptides, but these were predominantly CD4
ϩ T-cell-mediated responses (14, 19, 32) . Furthermore, there are no CD8 ϩ V1/V2 T-cell epitopes listed in the LANL HIV epitope database (http://www.hiv.lanl.gov/content /immunology/). Despite these facts, there are several findings that provide a rationale for studying T-cell epitopes in this region: (i) the variable loops of HIV envelope are epitope "hot spots" containing numerous CD4 ϩ and CD8 ϩ T-cell epitopes, likely due to the availability of the loops for antigen processing (55, 56) ; (ii) a cathepsin-D cleavage site was identified at L176 to Y177 (HXB2 numbering) that is highly conserved across subtypes (57); (iii) proteosomal degradation of the vaccine strain of envelope protein (92TH023) yielded several fragments, one of which, DKKQKV HALF (HXB2 167 to 176) (58) , contained a homolog of the MN strain A*02-restricted epitope KMQKEYALL that was implicated in our analysis; and (iv) preliminary data suggest that the RV144 vaccine regimen elicited higher CD8 ϩ T-cell response rates in the sigmoid mucosa than in those found in peripheral blood (Schuetz et al., unpublished) . Finally, though the observation of robust Tcell responses would seem to be a necessary requirement for cytotoxic T lymphocyte (CTL)-mediated escape, in Step trial participants, despite high response rates overall (12) , none of the observed T-cell responses correlated with the genetic signatures identified in the sieve analysis (25, 59) .
In preliminary experiments to validate the predicted A*02 epitope KMQKEYALL, we showed that the peptide binds two A*02 alleles that were expressed by RV144 trial participants and that the peptide can elicit a CD8 ϩ T-cell response in an HIV-1-infected A*0201 ϩ individual. We note that all of the T-cell stimulation assays conducted with RV144 samples used CRF01_AE-derived peptides (92TH023) which matched the vaccine insertion but not the subtype B (MN) protein boost. It may therefore be important to study CD8 ϩ T-cell responses to the V1/V2 region using subtype B (MN) peptides and/or mucosal samples in assays that are sensitive enough to detect potentially low-magnitude responses.
The T-cell-based sieve analysis investigated the hypothesis that T cells induced viral escape after acquisition, and yet we also found that both overall and genotype-specific vaccine efficacies were significantly increased in participants who carried the HLA A*02 allele implicated in our analysis. While these statistical associations do not imply that A*02 was a direct cause of greater vaccine efficacy in the trial, since it could be a marker of an unknown causal factor, they generate the hypothesis that A*02 contributed to greater vaccine efficacy. To consider this hypothesis, we entertain two possibilities: (i) that A*02-restricted CTLs offered some degree of protection in the trial and/or (ii) that the A*02 allele acted via a possibly undescribed CTL-independent mechanism. Recent studies of nonhuman primates have demonstrated prolonged CD8
ϩ T-cell-mediated control of HIV replication (60), have identified lymph node T-cell responses as an immune correlate of risk in a trial of a live attenuated simian immunodeficiency virus (SIV) vaccine (61) , and have shown that a SIV cytomegalovirus vector vaccine can induce T-cell responses that correlate with control and clearance of a SIV challenge infection (62, 63) . Though it was antibody and not T-cell responses that correlated most significantly with infection risk in the RV144 trial (15) , it is possible that lymph node or mucosal T-cell responses, previously thought to be important in SIV vaccines (61, 64) , were also correlated. Therefore, it may be that A*02-restricted CD8 ϩ T cells played a direct role in increasing vaccine efficacy.
Alternatively, we considered the possibility that HLA A*02 played a role in the efficacy of the vaccine that was independent of CD8 ϩ T cells. To date, there have been numerous documented associations of HLA alleles with disease outcomes, many whose mechanisms have not yet been fully described. For example, in HIV-1 infection, specific HLA alleles have been implicated in the control of viral load and disease progression (47, (65) (66) (67) (68) (69) (70) (71) (72) . In dengue virus-related disease (73) and human T-cell leukemia virus type 1 (HTLV-1) infection (74) , HLA has been associated with disease severity and progression. As noted above, there are also several documented examples of HLA alleles impacting vaccineinduced immune responses to influenza, hepatitis B, and MMR vaccination (36, 37, 39, 75) . Though there are no canonical pathways allowing for a MHC class I allele to influence antibody production, a recent report describes one possible mechanism. The report proposes a model for MHC class I antigen cross-presentation operating in activated immune cells through MHC-I epitope recognition of exogenous polypeptides (76) . The model predicts that MHC-I recognition of epitopes within an extended polypep- tide chain facilitates exogenous antigen uptake and processing through a lysosomal, TAP-independent, antigen-presenting pathway. It is intriguing to posit that class II epitopes within the same polypeptide chain could be presented after class I-directed antigen acquisition, thereby facilitating CD4 ϩ T-cell responses to the region and also potentially modulating humoral responses. On the basis of this model, we hypothesize that the MN protein immunogen may have been internalized via an HLA-F-dependent A*02-specific mechanism and subsequently presented by MHC-I and/or MHC-II. This provides a CTL-independent mechanism for the modulation of the immune response in A*02 ϩ participants. Further studies must be completed to determine if the mechanism identified by Goodridge et al. was involved in the immune response to the RV144 vaccine.
The possibility that HLA A*02 modulated the antibody response to vaccination is consistent with our finding that the level of antibodies specific to the subtype B V2 peptide TSIRDKVQKE YALFY was significantly greater in vaccine recipients expressing A*02. Furthermore, two borderline-significant findings support the hypothesis that A*02 may have modified immune correlates of risk. First, we found that IgA-C1 antibodies, which were previously found to correlate directly with risk in the trial overall, were a significant correlate in participants without A*02. This suggests that the IgA antibodies, which were associated with greater risk of infection overall, may not have had the same association in A*02 ϩ participants. Second, we found that the binding of vaccine-induced antibodies to a subtype B peptide that encompasses site 169 and the A*02-KMQKEYALL epitope was significantly greater in A*02 ϩ than in A*02 Ϫ vaccine recipients and that there was a direct correlation with risk only in participants lacking A*02. It was previously shown that high levels of V2-specific antibodies were associated with decreased risk of infection in the cohort overall (15); therefore, it seems inconsistent that low levels of V2-specific antibodies were associated with decreased risk in A*02 Ϫ participants. One hypothesis to account for this inconsistency is that the antibodies specific to this subtype B peptide are different from those that correlate indirectly with risk overall and that their effects may therefore also differ. It is also possible that higher levels of antibodies binding this subtype B peptide are associated with decreased risk of infection within the A*02 ϩ subgroup but that the low number of A*02 ϩ -infected participants reduced the statistical power needed to detect such an effect. Both possibilities implicate the A*02 allele in an immune modulatory role, offering a potential link between one of the genetic signatures found in the V2-region of breakthrough viruses, the V2-specific antibodies elicited by the vaccine, and the overall efficacy of the vaccine.
Understanding the interactions between the cellular and humoral immune responses upon vaccination is especially important in the RV144 trial since the vaccine regimen combined the ALVAC-HIV vector as a prime with the AIDSVAX B/E rgp120 as a boost. Though the ALVAC-HIV vector expressing a CRF01_AE strain of envelope and a clade B strain of gag and pol had previously been shown to induce T-cell responses (32) and the subtype B and CRF01_AE AIDSVAX proteins had been shown to induce antibody responses (77) , negative results from a phase II trial of combined ALVAC and AIDSVAX B/B failed to trigger an efficacy trial (78) and trials of AIDSVAX B/B and AIDSVAX B/E products alone did not show efficacy (77, 79) . Some researchers have speculated about the importance of the subtype-mismatched MN strain rgp120 included in the boost (16) . Several recent findings seem to suggest that the V2 antibodies that correlated inversely with risk may have been cross-reactive: (i) the IgG V1/V2 CoR reported in RV144 by Haynes et al. (15) was based on an assay using a subtype B V1/V2 scaffold antigen mismatched to the predominant circulating HIV-1 subtype, (ii) the IgG V1/V2 CoR has been recapitulated using V1/V2 scaffolds from multiple different subtypes (16, 23) , and (iii) the V2 hot spot immune variable, another CoR in RV144, was the average antibody response to peptides from 6 HIV-1 group M subtypes (15) . One surprising aspect of our T-cell-based sieve analysis is that the sieve effect was driven by epitopes predicted in the MN sequence (subtype B) and not the 92TH023 (subtype E) or the CM244 (subtype E) sequences. Since 89% of the viruses isolated in the trial were CRF01_AE, the vaccine-induced T-cell responses driving the sieve effect would have needed to be cross-reactive, despite the fact that the MN vaccine sequence differed from each viral isolate sequence at 3, 4, or 5 amino acid residues within the KMQKEYALL epitope. The T-cellbased sieve method described here considered all residues within each potential epitope when predicting changes in the HLA binding affinity, effectively estimating the cross-reactivity of each potential viral epitope with the predicted vaccine epitope. Though often a single mutation can mediate viral escape, it was recently demonstrated that Pichinde virus (PV) and lymphocytic choriomeningitis virus (LCMV) encode two epitopes sharing 6 of 8 amino acids and induce distinct cross-reactive T-cell repertoires (80) . Another study showed that an Epstein-Barr virus epitope cross-reacts with an influenza epitope despite sharing only 3 of 9 amino acid residues (81). In the V2 region of envelope, though the extreme sequence variability would seem to make cross-reactivity unlikely, there is evidence of structural conservation (82) . Given these previous reports and our results, we hypothesize that the MN strain protein boost may have played a role in developing cross-reactive immune responses.
In considering the role of the HLA A*02 allele in the RV144 trial, the results could be attributed to underlying associations with other genes or other HLA alleles that are genetically linked to the A*02 allele. To partially address this possibility, we performed a genetic analysis to identify HLA alleles in linkage disequilibrium with the A*02 allele (44) (see Table SA4 in the supplemental material). The analysis revealed an HLA A*0207:B*4601:Cw*0102 haplotype that is common in the RV144 cohort (estimated prevalence of 14%) and has been previously documented as one of the most common haplotypes in ethnic northeast Thais (83) . We estimated VE for each of several subgroups of participants who carried one or all of the alleles within this haplotype (see Table SA5 ). We found no conclusive evidence that VE was restricted to this haplotype or to any other HLA allele. However, because this haplotype spans the HIV-1-A, -B, and -C loci and is common in RV144 participants it remains possible that the A*02 associations we describe could be related to other unobserved genes that are included in the haplotype. In addition, given that the finding of differential VE in A*02 ϩ versus A*02 Ϫ individuals is of borderline significance (P ϭ 0.050), it is possible that this finding is a falsepositive result. Moreover, a comprehensive scan assessing all HLA alleles as modifiers of vaccine efficacy yielded no significant findings, due to the need to correct for the multiple hypothesis tests. Nevertheless, focusing the main analyses on A*02 and A*11 was justified by the fact that the vaccine-induced T-cell pressure was predicted only in these HLA-defined subgroups.
Follow-up analyses and ongoing experiments using samples from the RV144 study are providing in-depth information on the immune responses induced by RV144 vaccination. Both experimental and exploratory statistical analyses, such as this one, can generate hypotheses that will inform the design of future vaccine trials. Our findings emphasize the importance of considering HLA genotypes and, more generally, host genetics in vaccine clinical trials and their potential role in the complex web of humoral and cellular immune responses in vaccineinduced viral immunity.
